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ABSTRACT 
The emergence of strip-till (ST) as an alternative to no-till (NT) provides corn (Zea mays L.) and 
soybean [Glycine max. (L.) Merr.] producers with a management practice which has benefits similar to 
conventional tillage systems without the drawbacks common to NT in the typical wet and cool early-
spring conditions of Illinois. Recent research in Illinois suggests that greater yield with ST than NT for 
corn and soybeans could be explained by differences in root characteristics and enhanced nutrient uptake 
in ST. However, the effect of ST compared with NT practices on soil properties in Illinois remains 
unclear. Additionally, corn yield has been shown to decrease as variability increases and research 
suggests greater variability under NT, yet differences in variability between ST and NT have largely not 
been quantified. The objectives of this study were to: i) evaluate specific soil properties (soil organic 
matter, penetration resistance, bulk density, water aggregate stability, infiltration rate) that could be 
influencing the differences in root efficiencies and nutrient uptake observed under ST and ii) determine if 
variability differs between ST and NT for linear distance between plants, plant height, stalk diameter, dry 
biomass accumulation, number of barren ears, and grain yield and yield components. Tillage treatments 
of NT and ST were arranged in a randomized complete block design with 3 replications on two adjacent 
fields in a corn – soybean rotation. These treatments were established in 2007 as part of a long-term 
study. The effect of tillage (NT, ST) on soil properties at four different positions relative to the crop row 
and at four successive depths were measured during the corn phase in each field in 2012 and 2013. 
Variability measurements of individual plants were taken from all plants present within a 1.5 m length 
row section from rows three and six of each 8-row plot. I also calculated plant spacing variability, area 
occupied plant-1, and plant population. Soil properties were generally improved in ST compared with NT. 
Specifically, ST improved soil organic matter, and reduced bulk density and penetration resistance in the 
surface 10 cm relative to NT. Yet, I found no differences between tillage treatments in water aggregate 
stability at the crop row, but increased water aggregate stability in NT at the inter-row. While ST 
increased yield in previous years, tillage system did not influence corn yield during the two years of the 
study likely due to extreme differences in temperature, precipitation, and planting date between the two 
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growing seasons. Similarly, no tillage treatment differences were observed for water Inf. Tillage 
treatments had no significant impact on any of the plant-to-plant variability variables measured. The lack 
of significance between tillage treatments on variability measurements is likely the result of substantial 
stress for normal crop growth and development caused by drought conditions in 2012 and cool wet 
conditions in 2013, which delayed planting. Our results suggest that ST improves soil properties of the 
surface soil compared with NT, which could explain previous research results showing enhanced root 
growth, nutrient uptake, and corn and soybean yield under ST. Variability measurements are both 
instructive and descriptive and may prove useful for future studies.  
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CHAPTER 1. A COMPARISON OF SOIL PROPERTIES BETWEEN NO-TILL AND 
STRIP-TILL SYSTEMS IN ILLINOIS 
ABSTRACT 
Recent research in Illinois, suggests that yield differences for corn (Zea mays L.) and soybean 
[Glycine max. (L.) Merr.] crops in no-till (NT) and strip-till (ST) systems could be explained by 
differences in root characteristics and enhanced nutrient uptake in ST. Yet, the effect of these tillage 
practices on soil properties in the fine-textured and poorly drained soils typical of this region remains 
unclear. The objective of this study was to evaluate specific soil properties (soil organic matter (SOM), 
penetration resistance (PR), bulk density (BD), water aggregate stability (WAS), infiltration rate (Inf)) 
that could be influencing the differences in root and nutrient uptake efficiencies observed under ST. 
Tillage treatments of NT and ST were arranged in a randomized complete block design with 3 
replications on two adjacent fields in a corn – soybean rotation. These treatments are part of a larger long-
term study established in 2007. The effect of tillage (NT, ST) on soil properties at four different positions 
relative to the crop row and at four successive depths were measured during the corn phase in each field 
in 2012 and 2013. Strip-till improved SOM, and reduced BD and PR in the surface 10 cm relative to NT. 
While there were no differences in WAS between tillage systems at the crop row, NT increased WAS at 
the inter-row. Tillage treatments did not influence corn yield, likely due to extreme temperatures and 
precipitation during the two growing seasons. Our results suggest that ST improves soil properties of the 
surface soil compared with NT, which could explain previous research results showing enhanced root 
growth, nutrient uptake, and corn and soybean yield in ST.  
 
 
Abbreviations: NT, no-till; ST, strip-till; SOM, soil organic matter; PR, penetration resistance; BD, bulk density; 
WAS, water aggregate stability; Inf, infiltration rate 
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INTRODUCTION 
Throughout the Midwest, many producers have adopted NT to reduce the environmental impact, 
labor, and input cost of conventional tillage operations (Triplett and Dick, 2008). Increased residues in 
NT compared with conventional tillage protect the soil surface from erosive forces and conserve soil 
moisture (Logan et al., 1991). Yet, within the fine-textured and poorly drained soils typical in much of 
Illinois, NT practices create a cooler and wetter environment in which corn plants experience reduced 
seedling emergence and delayed early growth; which could potentially lead to reduced yields when 
compared with conventional tillage systems (Vetsch and Randall, 2002; Vyn and Raimbault 1993). 
Within the last 25 years ST has emerged as an alternative to NT. In this system, tillage is performed in the 
crop row without disturbing the soil and residue at the inter-row, thus allowing for increased soil 
temperatures and improved seedbed conditions in the crop row while lowering the risk of erosion in the 
field (Morrison, 2002).  
The quantity and quality of residues produced and returned to a cropping system is influenced by 
the level of disturbance to soil and residue during tillage (Dick and Gregorich, 2004). Disturbance of the 
soil environment as a result of tillage causes changes to soil organic matter through increasing the 
accessibility of organic materials to microbial activity and by influencing decomposition rates by 
changing soil moisture, temperature, aeration, and the distribution of residues (Campbell et al., 1996; 
Vance, 2000). Soil organic matter provides a range of benefits to soils including: enhanced water 
retention and infiltration, increased soil porosity and nutrient holding capacity, reduced soil bulk density 
and accompanying reduced resistance to root growth, and improved soil aggregate stability that make 
soils less prone to erosive processes (Dick and Gregorich, 2004; Larney and Kladivko, 1989; Unger and 
Kaspar, 1994). However, for soils of the northern Midwest region, NT practices have not been shown to 
increase the soil organic matter due to the dominant cool conditions which slow the decomposition of 
organic materials (Needelman et al., 1999; Wander et al., 1998). Soil conditions which limit root growth 
and impede root access to water and nutrients influence the physiology of crops and resulting yield 
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(Unger and Kaspar, 1994). Bulk density and penetration resistance are commonly used to describe the soil 
environment. Yet, Voorhees (1992) indicates that bulk density alone cannot always describe how changes 
to soil physical properties effect root growth. One reason for this is that for a given bulk density the 
penetration resistance to root growth increases or decreases according to the moisture content at the time 
of sampling (Bar-Yosef and Lambert, 1981). In a recent literature review on the relation among root 
growth, water and soil structure, Bengough et al. (2011) concluded that for soils near field capacity root 
elongation of corn is slowed by more than half its unimpeded rate when the penetration resistance of the 
soil increases above 2 MPa. In turn, in compacted soils leaf expansion is diminished while susceptibility 
to waterlogging and hypoxia increases (Bengough et al., 2011).  
No-till can enhance the formation and preservation of soil aggregates improving the ability of the 
soil to buffer against adverse growing conditions (Hussain et al. 1999; Vance, 2000; Yang and Wander, 
1998). Stable soil aggregates reduce the negative effects of tillage on other soil physical properties, and 
erosion by water and wind (Shukla et al., 2003; Hammerbeck et al., 2012). For example, on a silty clay 
loam soil in Ohio, seven years after tillage establishment NT increased water stable aggregates and 
infiltration and reduced bulk density when compared with chisel and moldboard plow (Shukla, et al., 
2003). Conversely, on a different study with similar fine-textured soils, ten years after tillage 
establishment NT reduced infiltration and increased bulk density relative to conventional tillage 
(Lindstrom et al., 1981). Relative to conventional tillage systems, Ankeny et al. (1995) showed no 
difference in infiltration in sites with less than seven years under NT, but infiltration decreased in NT sites 
with more than ten years since establishment. These results suggest that length of time since 
establishment of tillage treatments might be an important consideration when evaluating soil physical 
parameters. 
Results comparing corn yield between NT and ST have been inconsistent. Some studies show 
decreased or no yield difference (Vetsch and Randall, 2002; Licht and Al-Kaisi, 2005a; Al-Kaisi and 
Licht, 2004), while others show increased corn yields with ST (Vetsch et al., 2007; Fernández and White, 
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2012). Some of this variability can be attributed to differences in management, soil characteristics, and 
environmental conditions between studies. Specifically, for a silty clay loam soil in Illinois, Fernández 
and White (2012) determined that corn yield in ST was 7.9% greater than the yield under NT 
management over a four year period. They observed improved nutrient uptake and corn root 
characteristics under ST, and hypothesized that this practice creates a less stressful soil environment when 
compared with NT. However, more research is needed to confirm this hypothesis. The objective of this 
study is to evaluate specific soil properties that could be responsible for this improved corn efficiency 
with ST compared with NT. We hypothesize that ST leads to an increase in the soil organic matter level 
that translates into better soil physical properties such as: reduced bulk density and root penetration 
resistance, along with an improvement in aggregate stability and water infiltration rate. Increased 
understanding on how soil properties are influenced by NT and ST over the short- and long-term can 
enhance management decisions to increase sustainability and productivity.  
MATERIALS AND METHODS 
Experimental site description 
The study was carried out at Urbana, Illinois, in 2012 and 2013, on an experimental site 
established in 2007 at the Crop Sciences Research and Education Center (South Farms) (40°03'33.4"N ; 
88°13'35.6"W) at the University of Illinois. Annual 30-year mean precipitation for this area is 1051 mm 
with annual mean temperature of 11.9 °C (Water and Atmospheric Resources Monitoring Program, 
2014).  
Most of the study area is on Flanagan silt loam (Fine, smectitic, mesic, Aquic Argiudolls) with a 
slope of about 2%. Flanagan series consists of dark colored, somewhat poorly drained soils, developed in 
100 to 150 cm of loess over loam till under prairie vegetation. Permeability is moderate and surface 
runoff is slow to medium (Soil Survey Staff, 2012). A smaller area is on Drummer silty clay loam (fine 
silty, mixed, superactive, mesic Typic Endoaquoll) with less than 2% slope. Drummer series consists of 
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dark colored, very deep, poorly drained soils developed in 100 to 150 cm of loess or other silty material 
under prairie vegetation. Permeability is moderate and surface runoff is negligible to low (Soil Survey 
Staff, 2012). 
Since 2007, small plots 6 m wide (8 crop rows, 76 cm row spacing) and 23 m long selected for 
this study were embedded among other plots of an ongoing long-term P and K rate and tillage/fertilizer 
placement study on a corn-soybean rotation with both crops present every year. Details for the long-term 
study are found in Fernández and White (2012) for the corn crop and Farmaha et al. (2011) for the 
soybean crop. For this study, we focused on the corn phase of the rotation and selected tillage treatments 
of NT and ST. These treatments had received a blend of 36 kg P ha-1 yr-1 as triple superphosphate (0-20-
0) (N-P-K) and 168 kg K ha-1 yr-1 as potassium chloride (0-0-50) (N-P-K) since 2007. Broadcast 
application of P and K was performed in NT treatments using a Scotts hand-held spreader (HandyGreen 
II, Marysville, OH). No soil disturbance prior to planting operations occurred in NT. Band applications in 
ST were performed simultaneously with the tillage operation using a Gandy Orbit Air applicator (Model 
6212C, Owatonna, MN) placing fertilizer 15 cm directly below the crop row, and guided by John Deere 
StarFire RTK equipment. The ST unit consisted of wavy cutting coulter and row cleaners (residue 
managers) placed in front of modified ammonia mole knifes with closing discs (berm shapers), disturbing 
a band of soil about 17 cm deep 4 cm wide at the bottom and 25 cm wide on the soil surface as described 
by Fernández and White (2012). Fertilization and tillage operations were conducted one month prior to 
planting each spring. Nitrogen was also supplied every spring as a broadcast pre-plant application of 200 
kg N ha-1 yr-1 using urea-ammonium nitrate (28-0-0) (N-P-K). Prior to our study, post-harvest soil test 
values in 2011 for the top 18 cm were: Bray P1, 33 mg kg-1; ammonium acetate-extractable K, 234 mg kg-
1; Ca, 1741 mg kg-1; Mg, 315 mg kg-1; soil organic matter, 4.1%; cation exchange capacity, 17.8 cmolc kg-
1; and pH (1:1 soil:water), 5.4.  
Corn was planted in 76 cm rows using a 4 row John Deere 7200 Max Emerge vacuum planter 
with Yetter trash whips and openers at a target seeding rate of 85,000 plants ha-1 on 26 April 2012, and 29 
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June 2013. Tillage and planting operations alternated every other year with corn rows placed 10 cm to the 
same side of previous soybean rows in all years except 2007 in which original crop rows were 
established. Corn was machine harvested from the center two rows using an Almaco combine (SPC 40, 
Nevada, IA) on the 17 September 2012 and 18 November 2013.  
Sample collection and analyses 
Soil organic matter (SOM, %) was measured after planting by collecting three-core composite 
samples per plot to a depth of 50 cm at two positions: 0 cm and 36 cm from the row using a 25 mm 
diameter hand-probe. The cores were divided into 0-5, 5-10, 10-30, and 30-50 cm depth increments. 
Samples were air dried and then ground using a Dynacruch mill (Custom Laboratory Equipment Inc., 
Orange City, FL) to pass through a 2 mm diam. sieve, and analyzed by A&L laboratories 
(http://www.allabs.com/) using the loss on ignition method as described by Combs and Nathan (1998).  
Penetration resistance (PR, MPa) was measured when the crop was at V3 development stage by 
collecting five readings per plot to a depth of 45 cm with readings occurring every 2.5 cm increments at 
four positions: 0, 12, 24, and 36 cm from the row using a Field Scout SC 900 Soil Compaction Meter 
(Spectrum Technologies, Plainfield, IL) with a cone 1.28 cm in diameter and 30° angle. The readings 
collected every 2.5 cm depth increments were averaged for the 0-5, 5-10, and 10-30 cm depth increments 
and plot averages were calculated from the five readings per plot.  
Infiltration rate (Inf, cm hr-1) was measured when the crop was at V3 development stage by 
collecting three readings per plot at two positions: 0 cm and 36 cm from the row using a double ring 
infiltrometer with 6.03 cm inner- and 10.79 cm outer-ring diameter (Turf-Tech International, Tallahassee, 
FL). Rings were inserted 5 cm into the soil surface within row and inter-row areas in rows six and seven 
to avoid areas of wheel traffic. Water was carefully added to rings to minimize disturbance to surface 
particles as suggested by Bouwer (1986). Water level was recorded at 5 minute intervals and water was 
added to return to starting water head conditions. At each sampling location Inf was measured for a period 
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of 45 minutes after steady state had been reached. Plot averages were calculated from the three 
subsamples.  
Water aggregate stability (WAS, %) was measured before grain harvest by collecting one soil 
sample to a depth of 5 cm at two positions: 0 cm and 36 cm from the row using a shovel. Two 30 g 
subsamples from each position were used in WAS analysis on the 1-2 mm aggregate-sized fraction based 
on methods described by Kemper and Rosenau (1986) using an Eijkelkamp wet sieving apparatus 
(Eijkelkamp, Giesbeek, Netherlands). 
Soil bulk density (BD, g cm-3) was measured after grain harvest by collecting two subsamples per 
plot to a depth of 50 cm at two positions: 0 cm and 36 cm from the row using a 40 mm diameter soil core 
Giddings sampler (Giddings Machine Co., Fort Collins, CO) using the core method as described by Blake 
and Hartge (1986). In the lab the cores were divided into 0-5, 5-10, 10-30, and 30-50 cm depth increments 
and BD values were obtained after weighing the subsamples and adjusting for their gravimetric water 
content (Blake and Hartge, 1986). A plot average was calculated from the two subsamples.  
Final crop stand counts of 85,800 plants ha-1 in 2012, and 81,500 plants ha-1 in 2013 were 
obtained from two 5.3 m of crop row per plot taken from harvest rows. Corn grain harvest was done with 
an Almaco combine (SPC 40, Nevada, IA) from the two central rows and adjusted to 155 g kg-1 moisture 
content.  
Statistical analysis 
The experimental layout was a randomized complete block design with three replications, two 
tillage treatments (NT and ST) with measurements taken at four distances from the row (position) and at 
four depths. The experiment was conducted in two successive years on two adjacent fields during the corn 
phase of the corn and soybean rotation. Standard linear mixed effects models and Restricted Maximum 
Likelihood (REML) methods were implemented with the MIXED procedure (Littell et al., 2006) of SAS 
software (version 9.3 SAS Institute Inc., 2012) to analyze the effect of tillage treatments on corn yield and 
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soil properties at different soil depths and positions from the row. Tillage, position, and soil depth were 
considered fixed effects while year and blocks were considered random effects. Least square means were 
separated using the PDIFF option of LSMEANS in SAS PROC MIXED. Least significant differences 
(LSD) values were reported at alpha level (α)=0.10. The LSD was computed by multiplying the 
appropriate t-value by the standard error of the difference of means provided in the output from the 
PDIFF option of the LSMEANS statement. Statistical model and SAS codes are available upon request 
from the authors.  
RESULTS AND DISCUSSION 
Soil properties with significant interactions include PR and WAS (Table 1.1). There were 
significant tillage by depth and depth by position interactions on PR, and a tillage by position interaction 
on WAS. Significant main effects of tillage, depth, and position were found for SOM, PR, and BD, but 
none were found for WAS. Infiltration rate (Inf) did not show significant responses to treatments. These 
results show not only the potential of tillage to influence soil properties, but also reflect the spatial 
variability that exists as position from the crop row or soil depth increase. Hot and substantially drier 
conditions during most of the growing season through July of 2012 and cool and moist conditions in the 
spring with dry summer conditions in 2013 (Table 1.2) likely contributed to some of these responses.  
Soil organic matter content was 8.6% greater in ST than NT (Table 1.3). Cool conditions 
throughout the northern Midwest regions slow the decomposition of organic materials, yet increased 
SOM in ST may be a result of increased soil temperatures and aeration under ST. This agrees with the 
research of Licht and Al-Kaisi, (2005b) conducted in Iowa on loam and silty clay loam soils who found 
that soil temperature in the top 5 cm increased in ST compared with NT. Buman et al. (2004) found that 
among Midwestern states soil organic carbon (SOC) was significantly greater in Illinois and Minnesota 
for conventional tillage systems compared with NT, but did not find significant differences between ST 
and NT. These results are contrasted by Needelman et al. (1999) and Wander et al. (1998) who found no 
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differences among NT and conventional tillage treatments. These dissimilarities among studies may arise 
from differences in the length of time since the establishment of tillage treatments and prevailing weather 
differences during that period. Averaged across all years (2007-2013) corn grain yield for the treatments 
investigated in this study was 9,568 kg ha-1 for ST and 8,768 kg ha-1 for NT. Since the amount of stover 
produced is typically positively correlated to the amount of grain yield produced (Lorenz et al., 2010), it 
is likely that greater grain yield in ST also reflects greater inputs of organic matter to the soil in ST than 
NT. Potentially, greater inputs of organic matter may have contributed to the observed increase in SOM in 
ST than in NT.  
Position and depth significantly influenced SOM, with decreased SOM as position from the crop 
row decreased and as soil depth increased (Table 1.3). Reduced SOM in the crop row compared with 36 
cm from the crop row may be a reflection of soil or crop residue disturbance. In ST, the tillage operation 
creates substantial soil disturbance and crop residue movement into the between row position. While in 
NT planting equipment produces minimal soil disturbance, still a portion of the crop residue is moved 
into the between row position during planting. Yet, increased oxidation of organic materials as a result of 
tillage in ST than NT did not have a significant influence as indicated by the tillage by position 
interaction. This illustrates that crop residue movement into between row position (36 cm from the crop 
row) may be an important factor for SOM accumulation under NT and ST. Further, this finding indicates 
that in systems where the crop row position is maintained constant across years it may be possible to 
create patterns of higher and lower SOM across the field. Finally, as observed by others, greater SOM in 
the soil surface then the subsurface (Table 1.3) is the result of addition of crop residues at the soil surface 
under conservation tillage systems where the lack of soil mixing commonly stratifies SOM within the soil 
profile (Franzluebbers et al., 1994).  
A significant tillage by depth interaction for PR shows that relative to NT, mechanical impedance 
in ST is reduced 45% in the 0-5 cm depth and 27% in the 5-10 cm depth (Table 1.4). Within the 10-30 cm 
depth, there is no difference between tillage treatments, suggesting that tillage operations are not creating 
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a compaction layer (plow layer) with ST. Penetration resistance also had a significant depth by position 
interaction (Table 1.4). The 0-5 cm depth increment had the lowest PR of all soil depth across positions 
and this depth also showed the most substantial increase in PR with increasing distance from the row. The 
5-10 cm depth increment showed reduction in PR only at the row position whereas no differences in PR 
between positions were observed at the 10-30 cm depth. As previously described, the volume of soil 
disturbed by the ST operation is approximately 17 cm deep, 4 cm wide on the bottom, and 25 cm wide on 
the soil surface. Though there was not a significant three-way interaction of tillage by depth by position, 
the depth by position interaction just described and the fact that ST reduced PR to a greater extent (18%) 
than NT clearly reflects soil disturbance created by tillage with ST.  
All PR values are well below the root limiting value of 2 MPa described by Bengough et al. 
(2011). Yet, lower PR in the top 10 cm of ST may still provide a benefit to this tillage system over NT. A 
review of soil compaction and root growth by Unger and Kaspar (1994) indicates that conditions which 
impede root penetration or root elongation often reduce plant development and yields because water and 
nutrients below the restricted area become unavailable to the plant. Improved conditions in the surface 10 
cm and lower PR near the crop row, as indicated by the depth by position interaction in ST, may provide 
plants more ideal conditions to establish its root system. Measurements of corn roots taken at R1, and R3 
development stage by Fernández and White (2012) found that root length density, mean root diameter, 
and root surface area density were smaller in ST. However, in terms of crop efficiency they found that per 
unit of root surface area density, apparent uptake of P & K were greater for ST than for NT. Conditions of 
reduced root impedance in surface layers may be allowing ST to be more efficient with a smaller root 
system. This agrees with work by Lambers et al. (2002) who found that larger root systems require 
greater expenditure of energy towards the maintenance of the root system.  
Bulk density was reduced 4% in ST compared with NT (Table 1.5). These results follow the 
reduction in PR (Table 1.4) and increase in SOM (Table 1.3) previously mentioned for ST compared with 
NT. Literature describing the influence of NT and conventional tillage on BD is extensive with results 
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which vary with the inherent conditions of each site. However, comparisons of NT with ST systems are 
limited. Our results disagree with those of Buman et al. (2004) and Hendrix et al. (2004) who found no 
significant differences on BD between ST and NT among multiple locations including Illinois, and an 
Illinois location respectively. In southern Illinois Kitur et al. (1993) found that on a Grantsburg silt loam 
early season BD was reduced by tillage but that the difference diminished as the growing season 
progressed, ultimately showing no difference between tillage types. Due to measurement of BD post-
harvest our results suggest that reduced BD in ST persists throughout the growing season. This enhanced 
persistence of improved soil condition in ST may be a result of higher SOM compared with southern 
Illinois which generally has greater slope and erosion potential. These results and the limited amount of 
information available in the scientific literature highlight the need for continued evaluation of the effect of 
ST on BD relative to other tillage systems. 
Bulk density increased as depth increased to the 10-30 cm depth increment (Table 1.5). The fact 
that BD in the 10-30 cm depth increment was 4% greater than the 5-10 cm depth increment and 2% 
greater than the 30-50 cm depth increment may be an indication of a residual plow pan layer from historic 
conventional tillage that was extensively used at this location prior to treatment establishment in 2007. 
This pattern of greater BD in the 10-30 cm depth increment compared with the surrounding soil above or 
below this layer was similar across tillage treatments, further indicating that this is a remnant of historic 
tillage practices and an illustration that such effects can be long-lasting. Finally, similar to PR (Table 1.4) 
BD was lower at the row position than at 36 cm from row position (Table 1.5). This likely is the effect of 
planting and tillage operations at the crop row, as well as the effect of extensive brace-root growth at the 
row position that increase pore space.  
Aggregate stability was significantly influenced by the interaction of tillage by position with NT 
having greater WAS at 36 cm from the crop row than in the crop row and significantly less WAS in ST 
compared with NT within the 36 cm position (Table 1.6). Increased SOM at the 36 cm position (Table 
1.3) supports the observed formation of stable aggregates at the 36 cm position in NT, but does not 
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explain reduced WAS in ST at both positions from the crop row or the increased BD at 36cm (Table 1.5). 
This suggests that we cannot assume conditions in NT to be similar to undisturbed conditions in ST at the 
36cm position and highlights the fact that quantification of soil physical parameters can be challenging 
due to the inherent variability present in the soil.  
Increased residue input has been found to be correlated with preservation and formation of 
aggregates (Amézketa, 1999). Kumar et al. (2012) suggests that reduced BD under long-term (>45 years) 
NT can be attributed to increased aggregate formation. They found that the increase in aggregate 
formation was the result of increased residue accumulation on the soil surface and increased root growth, 
which contributes additional SOM along with a reduction in BD created by root channels. Farmaha et al. 
(2012) found increased soybean biomass and yield in 2007-2009 and Fernández and White (2012) found 
increased corn yield in 2007-2010 for ST compared with NT. These findings along with previously stated 
differences in root systems suggest that since the initiation of tillage treatments in 2007 residues returned 
to the soil surface from the corn and soybean systems have been higher in ST compared with NT while 
the accumulation of corn root biomass is greater under NT treatments. Higher WAS at 36 cm from the 
crop row in NT for the current study suggest that biomass accumulation on the soil surface are unlikely to 
be contributing to WAS among tillage types and positions. Likely more years are needed to develop 
differences in WAS due to treatment. 
Water infiltration into the soil surface was not significantly influenced by tillage (P<0.152), 
position (P<0.159) from the crop row, or the interaction of tillage by position (P<0.529). Yet, values of 
Inf show a trend for greater Inf at both row positions for ST (Table 1.7). Lack of difference between 
treatment parameters may have been due to differences in precipitation between years and also substantial 
variability in our measurements (CV=140%). Mapa et al. (1986) found that infiltration rates decreased 
with time as the soil settles and the soil surface seals with precipitation. In our study, total rainfall 
between tillage operations and Inf measurements was substantially different with rainfall in 2012 being 
almost half of the 158 mm received in 2013. In addition, rainfall intensity during this period was greater 
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in 2013 with a maximum daily rainfall of 71 mm relative to 2012 with only 23 mm (Water and 
Atmospheric Resources Monitoring Program, 2014). Finally, tillage operations were done under drier 
conditions in 2012 than 2013. Likely, all these factors contributed to greater variability in 2012 than 2013 
as the soil remained with larger cracks and greater macropores between clods in 2012. The trend for 
increased Inf observed in ST may be a reflection of greater biomass produced, already discussed, and 
greater accumulation of SOM (Table 1.3). Hillel (2004) suggests that variation in unsaturated Inf 
measurements is amplified as a result of flux, gradient, and water content not being constant in time. 
Other studies have found that Inf does not differ significantly among NT and ST in Illinois (Hendrix et al. 
2004). Similarly, after 25 years of NT and conventional tillage in Ohio (Lal and VanDoren, 1990) 
observed no differences in Inf, but the authors noted a trend for greater Inf in NT. While ST and 
conventional tillage are not the same, both produce more soil disturbance than NT; under this premise 
their study contrasts the trend observed in our study. This difference might be related to the fact that the 
NT treatment in the study in Ohio had many more years to change Inf characteristics of the soil. Varsa et 
al. (1997) suggest that four years are required for NT to develop more favorable soil physical conditions 
than deep tilled silt loam soil; while Voorhees and Lindstrom (1984) found that a period of about seven 
years was needed to produce porosity in NT similar to moldboard plowed sites on a silty clay loam soil.  
As stated earlier, our objective was to evaluate the effect of tillage on soil properties that may be 
responsible for the increase in corn yield and apparent efficiency of ST over NT reported by Fernández 
and White (2012). Although not a direct objective of this study, we observed that yield was not 
significantly influenced by tillage treatments during the 2012-2013 growing seasons. Yield averaged over 
the two years was 8,076 kg ha-1 in ST and 7,678 kg ha-1 in NT. While only a trend for this study, these 
results follow the same pattern in yield differences observed by Fernández and White (2012). The average 
yield of previous years (2007-2011) for ST was 10,223 kg ha-1 and 9,251 kg ha-1 for NT. Conversely, the 
average 2012-2013 yield represents a reduction of 21% for ST and 17% for NT compared to the 
preceding 2007-2011 average yield for these treatments. Limitations due to unusually hot and dry 
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conditions through July during the 2012 growing season and substantial delay in planting (29 June) in the 
2013 growing season due to cool spring temperatures and wet soil conditions (Table 1.2) likely 
overshadow any treatment effects on corn yield during our study.  
CONCLUSIONS 
The increase in SOM content as result of ST and the concomitant reduction in PR and BD relative 
to NT not only shows the interrelation that exists between different soil properties, but most importantly, 
illustrates that ST has a more positive effect in these soil properties than NT. Compared with NT, these 
improved soil properties suggest that ST may provide a better environment for root growth and 
development, which is critical for water and nutrient uptake. Further, these findings support the previous 
hypothesis of Fernández and White (2012) that ST improves soil conditions for nutrient uptake, which 
provides a competitive advantage for corn production compared with NT. Additional work under 
prevalent conditions for the region may be important to enhance our ability to determine the number of 
years needed for ST and NT management to develop soil properties (and other attributes, such as 
biological activity levels) to maximize conditions for crop production. 
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TABLES 
Table 1.1. Significance of main effects of tillage, depth, and position from row, and their interactions on soil organic matter (SOM), penetration 
resistance (PR), bulk density (BD), water aggregate stability (WAS), and infiltration (Inf) during the corn phase of a corn-soybean rotation on two 
adjacent fields located in Urbana, IL during 2012-2013. 
 Soil Properties 
Effect 
Soil organic matter 
(SOM) 
Penetration resistance 
(PR) 
Bulk density 
(BD) 
Water aggregate stability 
(WAS) 
Infiltration rate 
(Inf) 
Tillage (T) * ** * ns† ns 
Depth (D) *** *** *** ‒ ‒ 
Position (P) ** ** * ns ns 
TxD ns ** ns ‒ ‒ 
TxP ns ns ns * ns 
DxP ns * ns ‒ ‒ 
TxPxD ns ns ns ‒ ‒ 
* Significant at P ≤ 0.05. 
** Significant at P ≤ 0.01. 
*** Significant at P ≤ 0.001. 
† ns, not significant. 
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Table 1.2. Monthly mean temperature (°C) and precipitation (mm) during the 2012 to 2013 seasons and 
departure form 30-year mean measured in Urbana, IL. Source: Water and Atmospheric Resources 
Monitoring Program, 2014. 
  Departure from normal 
Month 30 - yr mean† 2012 2013 
 ‒‒‒‒‒‒‒‒‒‒‒ Temperature, °C ‒‒‒‒‒‒‒‒‒‒‒ 
Jan. -4.0 3.7 2.3 
Feb. -1.7 3.3 0.4 
Mar. 4.4 8.0 -3.1 
Apr. 11.1 1.4 -0.7 
May 16.9 3.6 1.1 
June 22.3 0.3 -0.5 
July 23.9 3.7 -1.1 
Aug. 23.0 0.1 -0.1 
Sept. 19.0 -1.2 1.6 
Oct. 12.2 -1.5 0.3 
Nov. 5.2 -0.5 -1.5 
Dec. -1.7 4.2 -0.9 
Year avg. 10.9 2.1 -0.2 
 ‒‒‒‒‒‒‒‒‒‒ Precipitation, mm ‒‒‒‒‒‒‒‒‒‒ 
Jan. 52 36 19 
Feb. 54 -18 37 
Mar. 73 -24 -35 
Apr. 93 -57 88 
May 124 -34 -5 
June 110 -64 25 
July 119 -105 -31 
Aug. 100 42 -88 
Sept. 80 63 -67 
Oct. 83 55 23 
Nov. 93 -62 -58 
Dec. 69 -4 -2 
Year total 1051 -172 -94 
† 1981-2010 mean period 
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Table 1.3. Mean effect of tillage (no-till, NT and strip-till, ST), soil depth, and positions from the row on 
soil organic matter (SOM) measured in the spring of 2012 and 2013 on the corn phase of a corn-soybean 
rotation in Urbana, IL.  
† Within effect, means followed by the same lowercase letter are not significantly different by the Fisher’s protected 
LSD test (α = 0.10). 
  
Effects Soil organic matter (SOM) 
  ‒‒‒%‒‒‒ 
Tillage (T)  
NT 3.5a† 
ST 3.8b 
Depth (D)  
0-5 cm 4.3a 
5-10 cm 3.8b 
10-30 cm 3.6c 
30-50 cm 2.9d 
Position (P)  
0 cm 3.6a 
36 cm 3.8b 
 18 
 
Table 1.4. Mean effect of tillage (no-till, NT and strip-till, ST), soil depth, and positions from the row on 
penetration resistance (PR) measured at V3 corn development stage in 2012 and 2013 on the corn phase 
of a corn-soybean rotation in Urbana, IL. 
Effect  Penetration resistance (PR) 
  ‒‒‒ MPa ‒‒‒ 
Tillage (T)   
NT  1.14b† 
ST  0.94a 
Depth (D)   
0-5 cm  0.31a 
5-10 cm  1.24b 
10-30 cm  1.58c 
Position (P)   
0 cm  0.91a 
12 cm  1.08b 
24 cm  1.06b 
36 cm  1.13b 
Interaction   
TxD   
NT 0-5 0.40b‡ 
 5-10 1.44b 
 10-30 1.60a 
   
ST 0-5 0.22a 
 5-10 1.05a 
 10-30 1.56a 
DxP   
0-5 0 0.11a§ 
 12 0.27ab 
 24 0.33b 
 36 0.53c 
   
5-10 0 1.08a 
 12 1.32b 
 24 1.27b 
 36 1.30b 
   
10-30 0 1.55a 
 12 1.65a 
 24 1.57a 
 36 1.55a 
† Within effect, means followed by the same lowercase letter are not significantly different by the Fisher’s protected 
LSD test (α = 0.10). 
‡ Within interaction, means followed by the same lowercase letter are not significantly different between tillage 
treatments for a given depth by the Fisher’s protected LSD test (α = 0.10). 
§ Within interaction, means followed by the same lowercase letter are not significantly different for a given depth 
and between positions by the Fisher’s protected LSD test (α = 0.10). 
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Table 1.5. Mean effect of tillage (no-till, NT and strip-till, ST), soil depth, and positions from the row on 
bulk density (BD) measured post-harvest in 2012 and 2013 on the corn phase of a corn-soybean rotation 
in Urbana, IL. 
Effect Bulk density (BD) 
 ‒‒ g cm-3 ‒‒ 
Tillage (T)  
NT 1.40b† 
ST 1.35a 
Depth (D)  
0-5 cm 1.26a 
5-10 cm 1.38b 
10-30 cm 1.44c 
30-50 cm 1.41b 
Position (P)  
0 cm 1.36a 
36 cm 1.38b 
† Within effect, means followed by the same lowercase letter are not significantly different by the Fisher’s protected 
LSD test (α = 0.10). 
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Table 1.6. Mean effect of tillage (no-till, NT and strip-till, ST), soil depth, and positions from the row on 
water aggregate stability (WAS) measured before harvest in 2012 and 2013 on the corn phase of a corn-
soybean rotation in Urbana, IL. 
† Within interaction, means followed by the same lowercase letter are not significantly different between tillage 
treatments for a given position, means followed by the same uppercase letter are not significantly different for a 
given tillage treatment and between positions by the Fisher’s protected LSD test (α = 0.10). 
  
Effect  Water aggregate stability (WAS) 
  ‒‒‒‒ % ‒‒‒‒ 
Interaction   
TxP   
NT 0 82.6aA† 
 36 88.4bB  
   
ST 0 84.5aA  
 36 83.6aA 
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Table 1.7. Mean effect of tillage (no-till, NT and strip-till, ST), soil depth, and positions from the row on 
infiltration rate (Inf) measured at V3 corn development stage in 2012 and 2013 on the corn phase of a 
corn-soybean rotation in Urbana, IL. Means are expressed at log10 transformed values and in parenthesis 
as back-transformed values. 
Effect  Infiltration rate (Inf) 
  ‒‒ log10 cm hr-1 ‒‒ ‒‒ (cm hr-1) ‒‒ 
Tillage (T)    
NT  0.63 (4.29) 
ST  0.97 (9.41) 
Position (P)    
0 cm  0.90 (7.85) 
36 cm  0.71 (5.15) 
Interaction    
TxP    
NT 0 0.69 (4.85) 
 36 0.58 (3.81) 
ST 0 1.10 (12.73) 
 36 0.84 (6.96) 
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CHAPTER 2. PLANT-TO-PLANT VARIABILITY IN NO-TILL AND STRIP-TILL 
CORN PRODUCTION 
ABSTRACT 
Plant variability among neighboring plants has been used to explain yield differences for corn in 
no-till and conventional tillage systems. One of the potential benefits of strip-till (ST) over no-till (NT) is 
better crop establishment resulting from improved seedbed conditions. Yet quantification of plant-to- 
plant variability contrasting NT and ST has not been done. The objective of this study was to quantify and 
compare between NT and ST systems plant-to-plant variability for the following parameters: linear 
distance between plants, plant height, stalk diameter, dry biomass accumulation, number of barren ears, 
and grain yield and yield components. Tillage treatments of NT and ST were arranged in a randomized 
complete block design with 3 replications on two adjacent fields in a corn – soybean rotation. Individual 
plant measurements were taken from all plants present within a 1.5 m length row section from rows three 
and six of each 8-row plot. Samples were collected at V3, V6, and R1 corn developmental stage for plant 
height and stalk diameter while linear distance between plants, plant dry biomass, number of barren ears, 
yield, and yield components were measured at physiological maturity (R6). We also calculated plant 
spacing variability (PSV), area occupied plant-1, and plant population. Tillage treatments had no 
significant impact on any of the variables measured. The lack of significance between tillage treatments is 
likely the result of substantial stress for normal crop growth and development caused by severe drought 
conditions in 2012 and very late planting in 2013. However, the measurements are both instructive and 
descriptive and may prove useful for future studies. There was a trend for greater deviation from target 
PSV under NT than ST. We observed a trend for greater variability in plant height, plant population, 
yield, and yield components for NT compared with ST.  
 
Abbreviations: ST, strip-till; NT, no-till; PPVS, plant-to-plant variability section; PSV, plant spacing variability; 
SD, standard deviation; SE, standard error  
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INTRODUCTION 
No-till has been used for many years as a system to reduce costs and protect soils from erosion 
(McIsaac et al., 1987). Unfortunately in the Midwest, where early spring conditions tend to be cool and 
wet, NT tends to exacerbate these conditions that often result in yield reduction relative to conventional 
tillage (Buman et al., 2004). Strip-till has emerged in recent years as an alternative practices as it provides 
benefits similar to conventional tillage with drier conditions and warmer soil temperatures in the crop row 
and no disturbance of soil or crop residue in the inter-row area similar to NT systems (Morrison, 2002). 
Differences between tillage types can influence the variability present within corn stands. Further 
differences in the residue distribution on the soil surface and seedbed conditions can create variability 
during planting operations and subsequent early plant development. These differences can lead to 
substantial grain yield differences by the end of a growing season (Nielsen, 2001).  
Because of the potential implications to grain yield, quantification of plant-to-plant variability for 
NT and conventional tillage systems has been the subject of several studies over the last 15 years. There 
are many factors that can influence variability among individual plants. Such factors may include 
management practices, environmental differences, and biological or genetic elements (Boomsma et al., 
2010). Some of the typical measurements used to quantify variability with tillage treatments include PSV 
and plant population (Nielsen, 2001; Lauer and Rankin, 2004), and variation in plant height (Boomsma et 
al., 2010). Some have investigated plant-to-plant variability to better explain yield variability across many 
environments (Martin, et al., 2005). Nielsen (2001) used a target PSV value of 5 cm standard deviation 
(SD) to account for typical 90-95% emergence in commercial fields. He observed a range of SD from 5.1 
to 30.5 cm and suggested that for every 1 cm increase in SD of PSV, yield was reduced by 62 kg ha-1. 
Among 354 fields Nielsen (2001) found that 60% of fields could improve yield by 313 to 470 kg ha-1 by 
improving the uniformity of PSV closer to the 5.1 cm target. In Wisconsin a target PSV of less than 5.1 
cm was used to indicate the presence of double plants, while PSV greater than 30.5 cm was used to 
indicate a gap (Lauer and Rankin, 2004). They measured a PSV average SD of 8.4 cm and a range of 4.8 
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to 17.3 cm and concluded that relative grain yield was reduced by 1.06% cm-1 SD as PSV increased above 
12 cm. However, they indicated that such large planting space would be atypical to current production 
practices. Nielsen (2006) found SD of PSV ranged from 5.1 to 20.3 cm and calculated yield loss was 43.5 
kg ha-1 for every 1 cm increase in SD of PSV. Finally, variability in plant height four weeks after planting 
was most strongly associated with a decline in yield under continuous corn in a NT system (Boomsma et 
al., 2010). 
While most studies in the US Midwest have been focused in quantifying and comparing plant-to-
plant variability among conventional and NT tillage systems, to our knowledge there has not been 
research conducted to evaluate the effect of ST on plant-to-plant variability. Increased understanding 
about the factors that influence plant-to-plant variability and yield can help in the management-decision 
making process to maximize crop uniformity and yield and to better predict yield reduction when growing 
season conditions are not conducive to uniform crop establishment and development. The objective of 
this study is to quantify and contrast the variability present in various crop parameters among NT and ST 
treatments. We hypothesize that (i) variability in plant height and stalk diameter will be greater under NT 
treatments compared with ST treatments, (ii) PSV will be greater under NT due to increased gaps 
between plants, and (iii) greater variability in plant height, stalk diameter, and PSV will be reflected in 
reduced crop dry biomass in NT.  
MATERIALS AND METHODS 
Site description 
The study was conducted in 2012 and 2013 near Urbana, Illinois, at the Crop Sciences Research 
and Education Center (South Farms) (40°09’N; 88°23’W) at the University of Illinois. The site has a 
Flanagan silt loam soil (Fine, smectitic, mesic, Aquic Argiudolls) and small portions of a Drummer silty 
clay loam soil (fine silty, mixed, superactive, mesic Typic Endoaquoll). The Flanagan series consists of 
dark colored, somewhat poorly drained soils, developed in 100 to 150 cm of loess over loam till under 
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prairie vegetation. The slope is approximately 2%, the permeability is moderate, and surface runoff is 
slow to medium (Soil Survey Staff, 2012). The Drummer series consists of dark colored, very deep, 
poorly drained soils developed in 100 to 150 cm of loess or other silty material under prairie vegetation. 
The slope is less than 2%, the permeability is moderate, and surface runoff is negligible to low (Soil 
Survey Staff, 2012). Annual 30-yr mean precipitation for this site is 1050 mm and annual mean 
temperature is 12 °C (Water and Atmospheric Resources Monitoring Program, 2014).  
Since 2007, small plots (6 x 23 m) selected for this study were embedded among other plots of an 
ongoing long-term P and K rate and tillage/fertilizer placement study on a corn-soybean rotation with 
both crops present every year. Details for the long-term study are found in Fernández and White (2012) 
for the corn crop and Farmaha et al. (2011) for the soybean crop. For this study, we focused on the corn 
phase of the rotation and selected tillage treatments of NT and ST arranged in a randomized complete 
block design with 3 replications. These treatments had received a blend of 36 kg P ha-1 yr-1 as triple 
superphosphate (0-20-0) (N-P-K) and 168 kg K ha-1 yr-1 as potassium chloride (0-0-50) (N-P-K) since 
2007 as a broadcast application in NT and as a subsurface band (15 cm directly below the crop row ) in 
ST. The annual application of P and K resulted in starting (fall 2011) soil test values for the top 18 cm of 
33 mg kg-1 Bray P1 and 234 mg kg-1 ammonium acetate-extractable K. While the original long-term study 
has several rates of P and K fertilizers, we selected the highest rate of fertility to ensure that variability 
measurements were the result of tillage practices and not related to insufficient P or K fertilizer and also 
to more closely represent commercial field conditions.  
Tillage treatments were conducted each spring, approximately one month prior to planting. 
Broadcast application of P and K was done using a Scotts hand-held spreader (HandyGreen II, 
Marysville, OH). No soil disturbance prior to planting operations occurred in NT. Tillage and planting 
operations alternated every other year with corn rows placed 10 cm to the same side of the previous 
soybean row so that corn rows were in the same position as the previous corn rows. Band applications in 
ST were performed using a Gandy Orbit Air applicator (Model 6212C, Owatonna, MN) equipped with a 
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John Deere StarFire RTK guidance system. The ST unit consisted of wavy cutting coulter and row 
cleaners (residue managers) placed in front of modified ammonia mole knifes with closing discs (berm 
shapers), disturbing a band of soil about 17 cm deep 4 cm wide at the bottom as described by Fernández 
and White (2012). Every spring 200 kg N ha-1 yr-1 as urea ammonium-nitrate (UAN) (28-0-0) (N-P-K) 
was pre-plant applied.  
Corn (Pioneer hybrids: 1395 in 2012 and 35K09 in 2013) was planted in 76 cm row spacing using 
a 4-row John Deere 7200 Max Emerge vacuum planter with Yetter trash whips and openers at a target 
seeding rate of 85,000 plants ha-1 on 26 April 2012 and 29 June 2013. Final plot populations of 85,800 
plants ha-1 in 2012, and 81,500 plants ha-1 in 2013 were obtained from plant counts from two 5.3 m 
harvest rows in the center of each plot. 
Sample collection and analyses 
Individual plant measurements were taken from all plants in a 1.5 m length row section from 
rows three and six of each plot hereafter referred to as the plant-to plant variability section (PPVS). 
Individual plants received a unique ID number to aid in repeated measurements throughout the growing 
season. Plant height was measured from the soil surface to the uppermost extended leaf tip as described in 
Boomsma et al. (2010) at V3, V6, and R1 development stages. Stalk diameter was measured at the first 
node above the soil surface at V6 and R1 using a digital caliper. Plant spacing variability (PSV) between 
plants in the row was measured at the soil surface at physiological maturity (R6 development stage) by 
measuring the linear distance between two adjacent plants. Since the linear distance between the end plant 
within the PPVS and the adjacent plant outside of the measurement area was not recorded, it was 
estimated as the average of PSV within the PPVS. Plant spacing variability was characterized using the 
standard deviation (SD) of linear distance measurements as described by Nielsen (2001). Soil surface area 
(cm2) occupied by each plant was calculated by dividing the linear distance of two consecutive plants by 
2 and multiplying by row spacing (76 cm) using Eq. 1 where LD is the linear distance, and t is the plant 
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number. Soil surface area for plants which had neighboring plants outside the PPVS was calculated using 
Eq. 2 where LDavg is the average of all LD for plants within that PPVS, and LDend is the LD of the first or 
last plant within the PPVS.  
Eq. 1.   𝐴𝑟𝑒𝑎 = (
𝐿𝐷𝑡 + 𝐿𝐷𝑡+1
2
) ∗ 76 
Eq. 2.  𝐴𝑟𝑒𝑎 = (
𝐿𝐷𝑎𝑣𝑔 + 𝐿𝐷𝑒𝑛𝑑
2
) ∗ 76 
Corn was machine harvested from the center two rows of each plot using an Almaco combine 
(SPC 40, Nevada, IA) on 17 September 2012 and 18 November 2013. Individual plants from within the 
PPVS were hand-harvested approximately one week prior to machine harvest in both years and yield was 
calculated using the calculated area of individual plants and grain mass adjusted to 155 g kg-1 moisture 
content.  
Statistical analysis 
The SAS MEANS procedure was used to calculate the mean, SD, and standard error (SE) on a 
PPVS basis for all dependent variables. Plant parameters were analyzed using the MIXED procedure 
(Littell et al., 2006) of SAS (version 9.3 SAS Institute Inc., 2012) with tillage as a fixed effect and year, 
block, and their interactions with treatment as random effects. Data was separated into two analysis sets 
as follows: 
Analysis 1: repeated measures (Littell et al., 2006) were used to analyze three development stages 
(V3, V6, R1) of plant height and two development stages (V6, R1) of stalk diameter. Covariance matrixes 
used included: heterogeneous first order autoregressive, ARH(1), or unstructured, UN, which were 
determined by selecting the covariance structure with the lowest fit statistics. The SAS coding for 
repeated measures analysis, of means, SD, and SE with plant height and stalk diameter inputted as 
dependent variables (X) follows:  
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Proc mixed data = thesis ic covtest; 
class till rep year stage; 
model X = till | stage / ddfm = kr residual; 
random rep year rep(year) till*rep(year);  
repeated stage / sub=Plot type=ARH(1) ; 
lsmeans till | stage / pdiff; run; 
Analysis 2: measurements from individual plants at physiological maturity (leaf, stalk, ear, cob, 
single and total kernel dry mass, kernel number, area of individual plant, plant population, and yield) were 
analyzed using the MEANS procedure to calculate PPVS means, SD, and SE similar to that of analysis 1. 
The SAS coding for MIXED analysis on variables measured at physiological maturity is as follows: 
Proc mixed data=thesis ic covtest; 
class till rep year ; 
model X = till / ddfm=kr residual; 
random rep year rep(year) till*rep(year); 
lsmeans till / pdiff; run; 
Residuals for all analyses of variance were evaluated for normality using the Shapiro-Wilk test 
with the UNIVARIATE procedure of SAS (version 9.3 SAS Institute Inc., 2012). Variables with residuals 
which were not normally distributed from analysis 1 (plant height) and 2 (yield, single kernel weight) 
were transformed. Transformations were selected using the BOXCOX macro in SAS (Friendly, 1991) 
which indicated the use of an x-0.5 transformation for plant height data. 
RESULTS AND DISCUSSION 
Statistical analysis of plant-to-plant variability showed no significant differences due to tillage 
treatment for any of the variables measured. While earlier work in these research plots over a three-year 
period showed a 0.3 Mg ha-1 yield increase with ST over NT (Fernández and White, 2012), such yield 
differences were not observed during our study (Chapter 1). The 2012 growing season was dryer than 
normal during key spring and summer months (Chapter 1: Table 1.2). While conditions for the 2013 
season were close to the normal 30-year mean, the frequency of rain events coupled with cool 
temperatures early in the season delayed planting. In addition, the late-planted 2013 crop was negatively 
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influenced by dry conditions later in the summer. The growth and development of corn during the 2012-
2013 growing seasons was negatively influenced by these adverse conditions. It is likely that the 
variability created by the conditions just described may have overshadowed any potential effects of tillage 
treatments on crop growth and yield. 
Although treatment differences were not apparent during the two years of this study, a description 
of plant-to-plant variability for various plant parameters may be informative and useful for future 
research. It is possible that the variability between plants observed in this study may be representative of 
what might be expected in other studies with similar cultural and growing season conditions. Further, 
these data may be useful in guiding management decisions or provide information for efforts targeted to 
the development of improved hybrids for droughty or otherwise stressful growing season conditions.  
Throughout the 2012-2013 growing seasons we observed no differences in development stage 
greater than two leaves between neighboring plants. We observed a higher number of barren ears in the 
NT treatment (5) than in ST (2) with all instances of barren ears occurring during the 2012 growing 
season (data not shown). Four out of seven barren plants had a leaf stage difference of one leaf while the 
remaining three had no difference in leaf stage compared to neighboring plants. Our results contrast those 
of Nielsen (2001) who observed that a difference of more than two leaf stages between adjacent plants 
early in crop development almost always result in the smaller plant becoming barren by the end of the 
season. Variation in leaf emergence can be the effect of differences in soil moisture, temperature, seed to 
soil contact, and variability in seeding depth along with variation created by planter malfunction or 
improper planter adjustment (Nielsen, 2001; Boomsma et al., 2010). These observations suggest that 
under the conditions of our study the comparison of leaf stage differences to predict barren ears may not 
be an accurate measure. Our results are likely a reflection of stressful growing season conditions that 
overshadow other factors, such as the tillage treatment, that under normal conditions would be more 
likely to produce a differential in plant growth and development.  
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Mean PSV was similar among tillage treatments, yet the standard deviation (SD) of PSV for NT 
treatments was 4.1 cm compared with 5.0 cm in ST (Table 2.1). When these values are compared to target 
SD of PSV of 5.1 cm as suggested by Nielsen (2001 and 2006), and applicable to the planting density of 
our study, SD of PSV in our study was similar to the target value in ST, and lower than the target value in 
NT. Using the target value of 5.1 cm suggested by Nielson (2001), Lauer and Rankin (2004) indicated 
that values below 5 cm indicated presence of double plants. Using the same criteria, our data indicates the 
presence of double plants in NT as opposed to gaps between plants.  
Comparisons of plant populations within the PPVS between tillage treatments shows a 1.8% 
reduction in ST compared with NT (Table 2.1), yet when population is compared for the plot we only 
observe a reduction of 0.5% from NT to ST (Table 2.2). This highlights that sample size is a factor that 
must be considered as substantially different results may be obtained depending on this variable. This 
issue of selecting an appropriate sample size to represent a larger area in crop production studies has been 
the subject of many studies over the years (Radford, 1967). Nonetheless, the SD of plant populations 
obtained from the whole plot were comparable to those observed by Mallarino et al. (1999) who found 
SD of plant population ranging from 3080 to 7332 plants ha-1across five cornfields from Midwestern 
states.  
Variability in plant height measurements increased as the plants developed with the SD 
increasing by 5.6 % from V3 to V6 and 401.8 % from V6 to R1 development stage (Table 2.3). This 
agrees with work done by Glenn and Daynard (1974) who found that SD increased as crop height 
increased. Our SD for plant heights at V3 development stage are similar to those of Mallarino et at. 
(1999) who found SD of plant height ranging from 3 to 21 cm 4-weeks after emergence and 6 to 27 cm 8-
weeks after emergence. Increased plant height has long been recognized as a desirable trait to increase 
yield in corn (Vyn and Raimbault, 1992) and soybean (Walker and Cooper, 1982). We found no 
difference in crop height between tillage treatments. Conversely, Vyn and Raimbault (1992) observed 
greater yield and taller plants with ST than NT. Boomsma and Vyn (2007) recorded 27.4% greater 
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variability in corn height in NT than in conventional tillage for corn grown in rotation with soybean. Their 
results also indicated that early season variability in NT is greater for continuous corn and corn in corn-
soybean rotations when compared to plowed treatments. Though the study by Boomsma and Vyn (2007) 
provided more contrasting treatment environments (i.e. NT vs. moldboard plow), reduced plant height 
variability and lack of grain yield differences in our study compared to theirs may be the result of more 
stressful growing conditions in our study. It is likely that unfavorable growing season conditions in our 
study limited plant height to a greater extent than it might be possible due to differences in tillage system.  
We observed very little change in stalk diameters among sampling periods (Table 2.3). Increased 
stalk diameter in NT compared with ST, corresponds with increased stalk dry matter in NT. Stalk 
measurements were the only plant measurements that were greater in NT than ST (Table 2.1). These 
observations may suggest that stalk diameter has little influence on the variability present among NT and 
ST treatments under drought conditions. Also, generally we observed minimal differences in plant 
biomass dry weight of different plant parts between tillage treatments (Table 2.1), further indicating that 
stressful conditions in this study likely overwhelmed any potential differences due to treatment.  
The mean yield among tillage treatments calculated from PPVS’s was higher than that of yield 
calculated from machine harvest, with a difference of 778 kg ha-1 (Table 2.1, Table 2.2). We also 
observed that the variability and error present within PPVS data was larger than when yield was 
calculated from the machine harvest for the plot. As previously discussed for plant population, most likely 
this is the result of increased sample size with machine harvest data. Mean yield and SD for NT in our 
study was similar to data collected by Martin et al. (2005) during a three-year study (2002-2004 seasons) 
where mean yield was 8,495 kg ha-1 and a SD was 2,765 kg ha-1. Also similar to our study, over 10 years 
in a corn-soybean rotation in Minnesota and Wisconsin, Porter et al. (1998) measured average corn yield 
of 8,851 kg ha-1 with a SD of 2,119 kg ha-1. They observed that SD was approximately 3.6 times greater 
among years (seasons) than by locations, reflecting the fact that variation as a result of changes in weather 
conditions from year to year has a stronger effect than location.  
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The mean for yield components of kernel number, and single and total kernel dry weights were 
smaller for NT compared with ST (Table 2.1). We also observed that ST had 2.4 % more kernels and 
kernels which were 2.9 % heavier compared with NT. This suggests that differences in yield were the 
result of reduced kernel number and kernel weight in NT. However, NT had a maximum kernel number 
which was 10.2 % greater than ST. This corresponded with increased variability in kernel number and 
kernel dry weight which were 14.1 and 13 % greater in NT compared with ST. 
A trend of reduced yield in the PPVS for NT compared with ST may reflect the influence of 
below target SD of PSV in lowering yield as described by Nielsen (2001, 2006). In our study ST had 
similar yield levels and SD for PSV values to those reported by Nielsen (2001). He also indicated an 
average yield reduction of 52.8 kg ha-1 can be expected for every 1 cm of SD in PSV. Using these data we 
estimated a yield reduction of 47.5 kg ha-1 in NT relative to ST. When compared to the actual measured 
yield from PPVS, NT reduced yield by 195 kg ha-1 compared with ST. These data illustrates the fact that 
PSV can have an important impact on grain yield, and in this case, the estimate from Nielsen (2001) 
actually underestimated that impact. Nafziger (1996) found across various plant populations that gaps and 
doubles reduced yield through their influence on plant population, but gaps reduce yield to a greater 
extent than doubles. While only a trend, the yield reduction observed for NT (where PSV indicates 
doubles) compared with ST (where PSV indicates adequate spacing between plants) agrees with Nafziger 
(1996). In a review by Tokatlidis and Koutroubas (2004) they suggest that the effect of increased plant-to-
plant variability is magnified at higher plant populations due to increased interplant competition. This is 
supported by below target PSV present in NT, which indicates the presence of doubles, and the fact that 
there was a trend for greater variability in plant height, population, and yield in NT compared with ST. 
CONCLUSIONS 
While tillage treatments had no significant impact on any of the variables measured, the plant-to-
plant variability measurements are both instructive and descriptive and may prove useful for future 
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studies. The lack of treatments effect is likely the result of substantial stress for normal crop growth and 
development caused by unusually droughty conditions in 2012 and very late planting in 2013. While 
mean PSV was similar among tillage treatments, the SD of PSV for NT treatments was 4.1 cm compared 
with 5.0 cm in ST, indicating the presence of doubles as opposed to gaps in the crop stand of NT. There 
was a trend for greater variability in plant height, plant population, and yield and yield components for 
NT compared with ST. Also, there was greater occurrence of barren ears in NT than in ST during the 
extreme dry conditions of 2012. While no absolute conclusions can be drawn from this study, the 
observed trends are in keeping with previous research that suggests that variability among corn stands 
increases at higher plant populations. Further, this study provides unique information as the data collected 
occurred under very unusual growing season conditions.   
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TABLES 
Table 2.1. Descriptive statistics of plant spacing variability (cm), individual plant area (cm2), plant 
population (plants ha-1), kernel number, yield (kg ha-1), and plant biomass (g) variables measured in plant-
to-plant variability section (PPVS) within NT and ST treatments. 
Tillage N Mean SD† SE‡ MAX MIN Range 
PSV (cm) 
NT 127 14.8 4.1 0.366 29.5 2.0 27.5 
ST 124 15.0 5.0 0.451 35.0 3.0 32.0 
Mean 251 14.9 4.6 0.289 35.0 2.0 33.0 
Area (cm2) 
NT 127 1121 203 18 1767 456 1311 
ST 124 1139 223 20 1938 688 1250 
Mean 251 1130 213 13 1938 456 1482 
Plant population (plants ha-1) 
NT 127 92644 20861 1851 219298 56593 162705 
ST 124 90987 17016 1528 145391 51600 93791 
Mean 251 91825 19039 1202 219298 51600 167698 
Kernel number 
NT 127 424.3 148.5 13.2 712.0 0.0 712.0 
ST 124 434.5 130.2 11.7 646.0 0.0 646.0 
Mean 251 429.3 139.6 8.8 712.0 0.0 712.0 
Hand harvest yield (kg ha-1) 
NT 127 8559 3371 299 16741 0 16741 
ST 124 8754 3305 297 20789 0 20789 
Mean 251 8655 3334 210 20789 0 20789 
Leaf dry weight (g) 
NT 127 28.2 5.7 0.503 44.3 4.2 40.1 
ST 124 28.5 5.6 0.502 39.6 12.7 26.9 
Mean 251 28.4 5.6 0.355 44.3 4.2 40.1 
Stalk dry weight (g) 
NT 127 59.8 13.3 1.184 99.0 9.7 89.3 
ST 124 56.4 13.8 1.238 92.2 25.0 67.2 
Mean 251 58.1 13.6 0.861 99.0 9.7 89.3 
Cob dry weight (g) 
NT 127 13.3 5.9 0.519 25.0 0.0 25.0 
ST 124 14.5 5.8 0.525 27.4 1.4 26.0 
Mean 251 13.9 5.9 0.370 27.4 0.0 27.4 
Leaf, stalk, cob dry weight (g) 
NT 127 101.4 22.6 2.008 156.3 13.9 142.4 
ST 124 99.2 23.8 2.134 156.3 42.1 114.2 
Mean 251 100.3 23.2 1.463 156.3 13.9 142.4 
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Table 2.1. (cont.) 
Tillage N Mean SD† SE‡ MAX MIN Range 
Ear dry weight (g) 
NT 127 107.2 40.7 3.613 176.5 0.0 176.5 
ST 124 111.0 36.5 3.277 182.7 1.4 181.3 
Mean 251 109.0 38.7 2.440 182.7 0.0 182.7 
Kernel dry weight (g) 
NT 127 93.9 35.7 3.2 151.8 0.0 151.8 
ST 124 96.6 31.6 2.8 155.3 0.0 155.3 
Mean 251 95.2 33.7 2.1 155.3 0.0 155.3 
Single kernel dry weight (g) 
NT 127 0.211 0.054 0.005 0.302 0.000 0.302 
ST 124 0.218 0.040 0.004 0.309 0.000 0.309 
Mean 251 0.214 0.048 0.003 0.309 0.000 0.309 
Total dry weight (g) 
NT 127 195.3 55.1 4.9 303.6 13.9 289.7 
ST 124 195.8 53.2 4.8 301.2 46.5 254.7 
Mean 251 195.6 54.0 3.4 303.6 13.9 289.7 
SD†, Standard deviation 
SE‡, Standard error of the mean values 
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Table 2.2. Descriptive statistics of plot plant population (plants ha-1), and machine harvest yield (kg ha-1) 
variables between NT and ST treatments and study means taken at physiological maturity. 
Tillage N Mean SD† SE‡ MAX MIN Range 
Plant population (plants ha-1) 
NT 6 83921 3566 1456 88691 79071 9620 
ST 6 83490 4215 1721 91562 80306 11256 
Mean 12 83705 3729 1077 91562 79071 12491 
Machine harvest yield (kg ha-1) 
NT 6 7678 893 364 8953 6731 2222 
ST 6 8076 799 326 8929 6935 1994 
Mean 12 7877 834 241 8953 6731 2222 
SD†, Standard deviation 
SE‡, Standard error of the mean values 
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Table 2.3. Descriptive statistics of plant height (cm), and stalk diameter (mm) for NT and ST treatments 
taken at V3, V6, and R1 corn growth stage and the growth stage means measured in plant-to-plant 
variability section (PPVS). 
Growth Stage Tillage N Mean SD† SE‡ MAX MIN Range 
Height (cm) 
V3 NT 127 20.4 6.0 0.533 34.5 8.0 26.5 
 ST 124 18.2 4.5 0.402 33.0 11.0 22.0 
 Mean 251 19.3 5.4 0.342 34.5 8.0 26.5 
V6 NT 127 38.7 5.1 0.457 54.5 25.0 29.5 
 ST 124 38.7 6.2 0.556 53.0 23.0 30.0 
 Mean 251 38.7 5.7 0.358 54.5 23.0 31.5 
R1 NT 127 273.7 31.6 2.806 322.6 163.8 158.8 
 ST 124 258.7 22.8 2.045 299.7 175.3 124.4 
 Mean 251 266.3 28.6 1.803 322.6 163.8 158.8 
Stalk diameter (mm) 
V6 NT 127 14.6 2.5 0.223 21.7 8.0 13.7 
 ST 124 14.3 2.9 0.257 21.5 7.6 13.9 
 Mean 251 14.5 2.7 0.170 21.7 7.6 14.1 
R1 NT 127 27.1 3.4 0.306 34.7 17.0 17.7 
 ST 124 26.5 3.2 0.289 34.4 18.5 16.0 
 Mean 251 26.8 3.3 0.211 34.7 17.0 17.7 
SD†, Standard deviation 
SE‡, Standard error of the mean values 
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